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The magnetization M under temperature 1.72 K in the range of magnetic field B 0-5T and the
magnetic susceptibility (MS) x under magnetic field 0.1 T in the temperature range 1.7—400 K of the
powder and crystal PbTe:Eu samples fabricated from the bulk and surface layers of the doped ingots
grown from the melt by the Bridgman method are investigated. Specific magnetic properties in the
Eu-doped PbTe single crystals are revealed: (i) the strong differences between the magnetization
and MS of the surface and bulk of the PbTe:Eu doped ingots; (ii) strong paramagnetism of the
surface layers practically independent of T in the temperature range over 30 K; (iii) the principal
discrepancies between the temperature dependences of MS of the crystal matrix of powder and
crystal doped samples. Possible mechanisms of the appearance of the mentioned peculiarities of the
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magnetic properties of different powder and crystal samples are analyzed.
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I. INTRODUCTION

It is well known that the impurities of rare earth el-
ements are an effective instrument for control of physi-
cal properties of semiconducting crystals and thin films.
This was revealed from the very start of the investiga-
tions of their behavior in semiconductors (see, for ex-
ample, the review articles [1, 2] and references there-
in). An important area of such investigations over a
long period of time has been the study of the impuri-
ty behavior and the properties of the IV-VI semicon-
ductors doped with rare earth impurities and their sol-
id solutions, one of the most interesting impurities in
these crystal matrices being Europium. The investiga-
tions of the electron paramagnetic resonance have shown
that the Eu substitutes a metal component in the IV-
VI doped crystals and enters a crystal lattice in the
Eu?*t charged state. The same experiments have made
it possible to determine the values of g-factor as well
as the coefficients of spin Hamiltonian of the Eu?* ions
in the crystal matrix of Pb(Sn,Ge)Te(Se, S) [3-7]. Since
the charged state of the Pb ions in the PbX (X = Te,
Se, and S) crystals is also a 2+ charged state [8] the
doped PbTe:Eu or Pby_,Eu;_,Te(Se, S) crystals are of
the p-type conductivity [9-11]. The hole concentration
in the doped PbTe:Eu crystals is the same as in the un-
doped PbTe ones [11]. In the semimagnetic semiconduc-
tor Pb;_,Eu,Te, the ground state of Eu ions is split [10].
It is considered that the resulting ground state splitting
of rare earth S ions in IV-VI crystal matrices is due to
the intra-atomic 4f-5d spin—spin interaction, the spin-
orbit interaction for 5d electrons, and their hybridization
with the valence band states of the semiconductor host

[12, 13]. The mixing of coupled conduction- and valence-
band states makes the properties of rare-earth dopants
sensitive to the band gap and Fermi level in the narrow-
gap IV-VI semiconductor host [14].

Numerous investigations of magnetization and MS
have shown [3, 9, 15-19] that it is practically impossi-
ble to grow the crystals and films of the lead and tin
chalcogenides doped with Eu where the impurity enters
the crystal matrix only in an isolated state. The narrow
range of the doped ingots close to their end is an ex-
ception here [17]. Under usual conditions of growth of
the doped crystals, at least the small complexes based
on the pairs and triangles of the Eu ions are formed into
the doped IV-VL:Eu crystals [3, 9, 15-19]. The origin
of these complexes is likely to depend on whether Eu is
the component of a solid solution or if it is the doping
impurity in a crystal. In the first case, they are always
considered to be the small inclusions of the NN or NNN
Eu ions in a host crystal matrix with ferromagnetic or
antiferromagnetic interaction [3, 9, 15, 16]. If the Eu is
a doping impurity in the IV-VTI crystal, the situation is
different. We tend to believe that in this case the men-
tioned small complexes are formed by the doping Eu im-
purity together with the background Oxygen impurity
which is difficult to get rid of in the process of the doped
crystal growth [17-19]. The presented paper is devoted
to a further study of this problem and concentrates on
the comparative investigation of the behavior of the Eu
impurity into the surface and bulk layers of the doped
PbTe: Eu crystals grown from melt by the Bridgman
method as well as on the peculiar magnetic features in
the Eu-doped PbTe single crystals.
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II. PROBLEM STATEMENT AND
MEASUREMENTS

Generally, in the lead telluride crystals grown from the
melt by the Bridgman method and doped with Eu, the
impurity concentration in the surface layers is somewhat
larger than the concentration in the bulk crystal. If the
initial impurity concentration Vi, into the melt is very
small, for example about 10 cm™3, practically all the
impurities can be pushed out onto the lateral surface of
the crystal ingot. It is possible to establish specific con-
ditions for the growth of a doped crystal under which the
impurity behavior will be inverse to the mentioned one,
i.e., the impurity will not be pushed out onto the lateral
surface, but conversely will be pulled into the bulk of the
crystal spreading along the doped crystals farther than
usually. The characteristic longitudinal distributions of
the doping impurity of Eu, which can be gotten during
the growth of the doped PbTe:Eu crystals from the melt
by the Bridgman method are shown in Fig. 1. The con-
tent of impurities in the doped ingots was determined
by the method of roentgen fluorescent element analysis
using the Expert 3L with semiconducting PIN-detector
on thermoelectric cooling.
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Fig. 1. The characteristic longitudinal distributions of the
doping impurity of Eu in the doped PbTe: Eu crystals grown
from the melt by the Bridgman method (the longitudinal sec-
tion of the crystal ingot is shown schematically). 1 — the dis-
tribution along the lateral surface of the Ingot 1 grown from
the melt with Nimp = 10 cm_3; 2 — the distribution along
the axis of the Ingot 2 grown from the melt with Nimp, = 102%°
em™%; 3 — the distribution along the line of the maximum
concentration into the suitable cross-sections of ingot for the
Ingot 3 grown under specific conditions from the melt with
Nimp = 10%° cm™3.

The detailed analysis of the peculiarities of distribu-
tion of the doping Eu impurity into the PbTe: Eu crys-
tals grown from the melt by the Bridgman method is
a subject of a separate investigation and its results will
be discussed more in detail elsewhere. Here we present
these distributions only in order to clarify the approach-
es and the reasons for the choice of this or that sample
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for particular investigations. First of all, we have taken
interest in the properties of the surface layers where the
doping Eu impurity is pushed out provided its initial con-
centration in the melt is very small. It is impossible to
fabricate the bulk samples from the surface layers of the
doped ingot. Therefore the surface layers of the Ingot 1
were removed mechanically and ground to powder. Two
samples were fabricated from this powder. We designate
them as the Pwd 1a and Pwd 1b samples. Secondly, we
have taken interest in the properties of the part of the
doped Ingot 2 where the impurity concentration changes
non-monotonously along the ingot axis and where the
concentration profile has a maximum. Such an impuri-
ty distribution is impossible for any real dependences of
the coefficient of segregation of the doping impurity on
its concentration. Therefore, we expected to get some
useful information which would help us explain such a
specific behavior of the Eu impurity. For this purpose,
we fabricated three samples: one of them (Pwd 2) from
the incipient section of Ingot 2 before the Eu concentra-
tion maximum and the other two samples (Pwd 3 and
Cr 1) from the ingot part after the mentioned maximum.
The powder Pwd 2 and Pwd 3 samples were fabricated
from the disks cutout across the conic part of an ingot.
The crystal sample Cr 1 was fabricated from the disk
cutout from the cylinder part of the ingot directly ad-
joining the ingot cone. Finally, we have fabricated the
powder sample Pwd 4 from the end part of the Ingot 3
where we detected the impurity in a narrow range of the
crystal bulk by the roentgen fluorescent element analy-
sis. We hoped to get some beneficial information in order
to compare the properties of the doped PbTe:Eu layers
where the impurity is pushed out or pulled in. Magnetic
measurements were performed in the temperature range
1.72—400 K and in applied magnetic fields up to 5 T using
a Quantum Design MPMS-5 superconducting quantum
interference device (SQUID) magnetometer.

III. EXPERIMENTAL RESULTS

The results of experimental investigations of both the
field dependences of magnetization M under the temper-
ature 1.72 K and temperature dependences of paramag-
netic MS in the magnetic field B = 0.1 T of the investi-
gated samples are shown in Fig. 2 and Fig. 3. For greater
clarity the results are presented in semilogarithmic scale.

It is evident from the presented data that the behavior
of magnetization in a magnetic field is appreciably differ-
ent for different groups of samples. The Pwd 2, Pwd 3,
and Cr 1 samples fabricated from the Ingot 2 as well as
the Pwd 4 sample are paramagnetic in the whole range
of the investigated magnetic fields 0 < B < 5T. At the
same time, the magnetization of the first three mentioned
samples increases monotonously, if B increases and tends
to saturation whereas the magnetization of the Pwd 4
sample starts to decrease if B > 3T. The Pwd la and
Pwd 1b samples fabricated from the surface layers of the
Ingot 1 are pronouncedly diamagnetic in the low magnet-
ic fields B < 0.07T (this field range of MS is not shown
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in Figure 2 since the experimental data are presented in
semilogarithmic scale). In modulo maximum, their dia-
magnetic magnetization reaches the value of about —0.38
emu/g. In the range of magnetic fields 0.07 < B < 0.1 T,
the Pwd 1a and Pwd 1b samples pass into paramagnetic
state and their magnetization rapidly increases, if B in-
creases. If the magnetic field reaches the value of approx-
imately 1T, the sample magnetization starts decreasing.
In the high magnetic fields B > 4T, the Pwd 1a sample
again returns to a diamagnetic state (it is not shown in
the figure for the same reason mentioned above).
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Fig. 2. Magnetization of the investigated samples vs. B.
T=172K.
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Fig. 3. MS of the investigated samples vs. T. B = 0.1T.
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In the magnetic field B = 0.1 T, all the samples except
Pwd 4 stay in paramagnetic state in the whole range of
the investigated temperatures up to 400 K. The Pwd 4
sample passes from paramagnetic to diamagnetic state
under high temperature (Fig. 3). At the same time, there
are two peculiarities of temperature dependences of MS
of the investigated samples which are worth emphasizring
especially. The first peculiarity is the high positive val-
ues of the high temperature MS of the Pwd 1a¢ and Pwd
1b samples, which are the weakest paramagnetic samples
under low temperatures. Under the highest temperature
T = 400K, the MS of these samples is close to the MS
of the Pwd 2 sample whose magnetization of saturation
under 7' = 1.72K is close to a factor of a hundred more
than the magnetization in the maximum of the Pwd la
and Pwd 1b samples (Fig. 2). The second peculiarity is
the practically full independence of the high temperature
MS of the Pwd 1a and Pwd 1b samples of T" in the very
wide temperature range T of approximately more than
30K.

IV. TREATMENT OF THE EXPERIMENTAL
RESULTS

In our previous work [19] we have shown that magnetic
properties of the PbTe: Eu crystals grown from the melt
by the Bridgman method and doped with Eu impurity
during growth under the technological conditions used
in our experiments are determined according to the con-
tribution of the single impurity centers, small clusters of
the NN and NNN pairs of the magnetic impurities as
the constituents of their complexes with the background
Oxygen impurities as well as the crystal matrix. There-
fore, the contribution of only these constituents will be
used to quantitatively treat experimental data.

The single contribution, i.e. the contribution of the
isolated ions of magnetic impurity, M g to the total mag-
netization M is given [3]:

Mg = MySoxsarBso(&), (1)

where My = gupNa/m(zsar), g is the Lande factor,
up is the Bohr magneton, Ny is the Avogadro number,
m(xgar is the molar mass of the compound, zgar is the
mole fraction of Eu?*, Sy is the ion spin, Bgo(€) is the
Brillouin function:

25, +1 250 +1,\ 1 s
Bgso(§) = 25, coth < 25, §> 250 coth (250> ,
(2)

where £ = SogupB/kpT.

The contributions of the NN (i = 1) and NNN (i = 2) pairs Mp; are [3]:

Smax [

>, exp

kT

Ji S (S + 1)] S [sinh [Zggl »]] Bs (&)

1 —
Mp; = iMOxi 5=0

> exp

Smax |:
S=0

w28 (S +1)] [sinh [255Le, )]
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where &, = SgupB/kT i Smax = 250, J; are the in-
tegrals of ferromagnetic (¢ = 1) and antiferromagnetic
(i = 2) interaction between the NN and NNN Eu?*
ions, respectively.

The total magnetization of the doped samples in the
magnetic field H was calculated as:

M = Mg+ Mp1 + Mpa + XMatrix(0)H, (4)
where Xmatrix(0) is the MS of the crystal matrix under
the condition T" > 0 K.

The total MS of the doped samples xq(Eu) was calcu-
lated as:

Xd (Eu) = XMatrix T XEu, (5)

where X aratriz 1S the MS of both the crystal matrix of the
undoped crystals and a free carrier of the charge; xgyis
the sum of the MS of the different mentioned magnetic
centers of Eu:

X Matriz €an be written as [20]:

XMatrix (T) = Xre T Xsp (n, T) 3 (7)
where X is a special constituent of MS, which depends
on the free carrier concentration n and temperature T,
and xye is the regular constituent of MS which does not

depend on n and T being the adjustable parameter of
the theory. Thus:

XMatrix (0) = Xre + Xsp (n7 O) . (8)
Thus, the x4(Eu) can be calculated as:

Xd (Eu) = XEu + XMatrix (0) + fn (T) ) (9)

where the form of the f,(7T) function depends on the

XEu = XS + xXpr1+ Xp2. (6) free carrier concentration n.
The samples The parameters
Ngy (Singles), cm™3 | Ng, (NN pairs), cm™3 | Ng, (NNN pairs), cm™3 | Ng, (Total), cm™3| xMatrix(0), 1076 cm?/g
For LT M(B)|For HT x(T)

Pwd 2 6.1-101° 8.0-101° 5.9-101° 2.0- 1020 +1.47 +1.47
Pwd 3 4.8 101 5.2-1019 4.4 .10 1.44 - 1020 -0.1 -0.1

Crl 4.0-1019 4.3-101° 3.6- 101 1.19 - 1020 —0.14 —0.14
Pwd la 0 2.0-10'8 2.7-10%7 2.27-10'8 —0.44 +0.93
Pwd 1b 0 2.84-1018 3.5-10'7 3.19 - 108 —0.45 +1.46
Pwd 4 1.2-10 2.2-1018 1.2-10'8 1.54 - 1019 —0.33 —0.075

Table 1. The parameter values used for calculation of the low temperature (LT) magnetization M (B) and the high

temperature (HT) MS x(T) of the investigated samples.

As we have alluded [11], the PbTe crystals doped with
Eu in a wide range of the concentration of the doping im-
purity have got the hole concentration about (2+3)-1018
cm ™3, i.e., practically the same as the undoped PbTe
crystals grown from the melt by the Bridgman method.
For such hole concentration, f,,(7") can be approximated

as [19]:
fu(T)=25-107*T —2.4-107" T2 (10)

To calculate Mpy, Mpo, xp1, and xpz we have used
the values of the exchange integrals between the Eu?*t
ions as the constituents of the complexes of the magnet-
ic impurities with the Oxygen ones in the crystal ma-
trix of lead telluride obtained in [19]: J; kg = +0.056 K,
Jo/kg = —0.13K. The Eu concentrations forming dif-
ferent impurity complexes as well as the parameter
XMatrix(0) were the adjustable parameters of fitting.
Their values that provide the best reproduction of the
experimental dependences M (B) and x(T') by the calcu-
lated ones are presented in Table 1.

It is obvious from the data in Table 1 that only for
the Pwd 2, Pwd 3, and Cr 1 samples fabricated from the
bulk part of the Ingot 2, both the magnetization field
dependence and the MS temperature dependence can be
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well described by the same set of parameters for each
sample. The comparison of the experimental and of the
calculated data by the example of the Pwd 3 and Cr
1 samples that possess nearly equal total Eu impurity
concentration is shown in Fig. 4.

For the other three samples, especially for the Pwd
la and Pwd 1b samples, fabricated from surface layers
of the Ingot 1, the situation is principally different. On-
ly the same set of concentration of different Eu centers
can be used to quantitatively describe the M(B) and
Xd(T) dependences for each sample. At the same time,
the XMatrix(0) values for magnetization and MS are in-
credibly different not only in value but also in sign. The
magnetic behavior of the Pwd 4 sample is intermedi-
ate between the behaviors of the two mentioned groups
of samples. It cannot be described by the same value
XMatrix(0) for M and x4 as for the samples fabricated
from the bulk of the incipient part of Ingot 2 but the
discrepancy between the Xpatrix(0) values required for
the reproduction of low temperature magnetization and
of high temperature MS is not so considerable as for the
samples fabricated from the surface layers of the Ingot 1
(Table 1). The comparison of the experimental and cal-
culated M (B) dependences for this group of the samples
is shown in Fig. 5.
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Fig. 5. Magnetization vs. B under T'= 1.72K.a) The Pwd 1a and Pwd 1b samples. b) The Pwd 4 sample.

V. DISCUSSION

Let us briefly discuss the most important results.

The Pwd 2, Pwd 3, and Cr 1 samples: the most im-
portant are the ratios between the concentration of sin-
gle Eu?* centers and the ions forming the impurity pairs
in different samples as well as the differences of tem-
perature dependences of the constituents Xnratrix in the
crystal and powder samples.

As follows from Table 1, in the three investigat-
ed samples fabricated from the initial part of the
doped Ingot 2, the concentration of the Eu ions in
pairs constitutes approximately two thirds of the to-

tal impurity concentration. The ratio [Ngy(NN pairs)
+Ngy (NN Npairs)/Ngy (Total)] decreases monotonous-
ly towards the ingot’s end from value of 69.5 % for the
Pwd 2 sample to that of 66.4 % for the Cr 1 sample.
This corroborates our previous data and conclusions [19]
concerning the regularity of the distribution of the small
Eu complexes in the doped PbTe:Eu crystals and their
origin as the complexes of the doping impurities of Eu-
ropium and background impurities of Oxygen. On the
other hand, this result shows that it is necessary to take
into consideration the interaction between the mentioned
impurities during the process of the doped crystal growth
in order to rightly interpret the regularity of the distri-
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bution of the Eu impurity into the PbTe:Eu ingots grown
from the melt by the Bridgman method.

From the insets in Fig. 4b and Fig. 4d one can see the
fundamental difference between the dependences of MS
on T for crystal and powder samples. In order to rich a
full matching of the calculated dependence x4 (T') with
the experimental one, in the first case it is necessary to
consider the constituent xpsqiriz Of the total MS of the
sample dependent on T (Fig. 4d), whereas in the second
case it does not depend on T (Fig. 4b). The same regu-
larity holds for all the investigated powder samples. The
differences of the temperature dependences of X njatrix fOr
crystal and powder samples are explained by the differ-
ent conditions for electroconductivity. A powder sample
is a sharply nonhomogeneous system. It consists of con-
ductive crystal grains separated by the potential barrier
formed by both the surface of the grains and the dielec-
tric spaces between the grains. Hence, as regards energy,
a powder sample is a disordered system of potential wells
separated by high potential barriers where the free carri-
ers are localized in the deepest wells. The concentration
of carriers having an energy higher than the percolation
level that can move freely across a sample is very small.
Correspondingly, the free carrier contribution to the to-
tal MS of the powder samples declines sharply. The con-
tribution of the crystal matrix is formed both by the
Langevin diamagnetic and Van Vleck paramagnetic con-
stituents of the ion frames of the crystal lattice which
do not depend on temperature [21]. Therefore, the con-
stituent of the MS of the powder samples, which does
not relate to the Eu impurity, does not depend on T.

The Pwd 1a and Pwd 16 samples: these samples fabri-
cated from the surface layers of the Ingot 1 have the most
peculiar magnetic features among the other Eu-doped
PbTe samples, i.e., the clearly expressed low tempera-
ture diamagnetism in the low magnetic fields B < 0.07 T,
the strong high temperature paramagnetism practically
independent of temperature in the range of T approxi-
mately more than 30 K (Fig. 3), and a very large diver-
gence between the Xatrix(0) values necessary for quan-
titative description of the dependences of the low tem-
perature magnetization M (B) and the high temperature
MS x4(T), which concerns both the value and sign of the
parameter (Table 1).

In order to describe the M (B) dependences under tem-
perature T' = 1.72 K, the XMatrix(0) parameter should be
equal to —0.44 - 1075 and —0.45 - 10~ %cm?® /g whereas
to explain the x4(T) high temperature dependences it
should be equal to +0.93 - 107¢ and +1.46 - 1076 cm? /g
for the Pwd 1a and Pwd 1b samples, respectively. In oth-
er words, the crystal matrix of these powders is greatly
diamagnetic under the low temperature T'= 1.72 K and
strongly paramagnetic under high temperature, and its
paramagnetic susceptibility practically does not depend
on T in this temperature range. There is another impor-

tant result of a quantitative treatment of experimental
data for these samples that deserve to be specially men-
tioned: the samples fabricated from the surface layers of
Ingot 1 do not contain single centers of Eu impurity.
The strong diamagnetism of the surface samples and
its origin is a subject of a separate investigation and its
results will be discussed more in detail elsewhere. Here
we would like to pay attention to the large positive val-
ues of the xmatrix parameter of the Pwd 1la and Pwd
1b samples as well as of the Pwd 2 sample. In our pre-
vious works [19,22] we explained the changes of Xatrix
by the effect of the defects on symmetry of distribution
of the electron density of the frame of the crystal lattice
which causes an increase of the Van Vleck paramagnetic
constituent of the lattice MS. From this standpoint, the
obtained data show that both the surface of the doped
crystal ingots and their initial sections are the most de-
fective parts of the crystals doped with Eu impurity.

VI. CONCLUSIONS

The magnetization and magnetic susceptibility of the
bulk and surface layers of the PbTe:Eu doped crystals
grown from the melt by the Bridgman method are inves-
tigated. The main investigations were carried out on the
powder samples and one crystal sample was used for the
comparative analysis.

It is shown that the magnetic properties of the inves-
tigated samples can be described very well by the con-
tribution of the single Eu?T centers, the small clusters
of the NN and NNN pairs of the magnetic impurities as
the constituents of their complexes with the background
Oxygen impurities as well as the crystal matrix. The ra-
tios between the concentration of single Eu?* centers and
the ions forming the impurity pairs is different in differ-
ent positions of the crystal bulk as well as in the bulk
and surface samples. It is concluded that both the sur-
face of the doped crystal ingots and their initial sections
are the most defective parts of the PbTe crystals doped
with Eu impurity.

It is revealed that a strong paramagnetism of the sur-
face layers is practically independent of T in the tem-
perature range over 30K. It is revealed also that the
contribution of the matrix of the crystal grains to the
total MS of the doped powder samples does not depend
on temperature in contrast to the crystal samples where
this constituent of the total MS depends appreciably on
T. These differences of the behavior of the MS of the
crystal and powder samples are explained by the lack of
the free carriers in the disordered powder samples with
the energy higher than the percolation level which causes
the lack of the free carrier contribution into MS of the
crystal matrix and its independence of temperature.
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OCOBJIMBOCTI MATHITHUX BJIACTUBOCTE MOHOKPUCTAJIIB TEJIYPUIY
CBHMHIIIO, JIETOBAHUX JOMIIIIKOI €BPOIIIIO

J. M. Basayk', B. I. Mukuriok?, A. B. ITamyk', B. B. IIlnemkesnu?, K. C. YupsianusxmitZ, /1. Kadoposeki®
b Hayionanvruti ynisepcumem “/Iveiscora nosimexwira”, syas. Cmenana Bandepu, 12, Jlveis, 79013, Yxpaina,
2 Yepniseuprkuil Hayionarsnut yrisepcumem, sya. Koutobuncorozo, 2, Yeprieui, 58012, Yrpaina,

3 Incmumym HusvkomeMNepamypHUT i cmpykmypruz docaidncens, Tloavcoka axademia HayK,

50-950, Bpouaas, 1410, Ioavwa

Hocnimxkeno namaruivenicts M 3a temneparypu 1.72 K B miamasoni maraitaux monis B 0-5 Tur ta marmitmoy

cupuitaariusicts (MC) x y marnitHomy nosi 0.1 T B remueparypromy inTepsadi 1.7 — 400 K nopomikosux Ta

kpucrajgigtaux 3paskiB PbTe:Eu, Burorosiennx 3 06’eMHOI YacTHHU Ta IOBEPXHEBUX IIAPIiB JIETOBAHUX 3JIMBKIB,

BHUPOIIEHNX i3 po3iiaBy MeTonoM bpimkmvena. BusiBjieHo HU3KY 0COOIMBOCTEH MAarHITHUX BJIACTHUBOCTEN KPHUCTa-

saiB PbTe, nerosanux Eu, Takux, gk: 3ua4uni BiaminaocTi Mixk namaraivenicrio i MC noBepxHi it 06’eMy JieroBanux

3muBKiB PbTe:Eu; cunpHnit mapaMaraneTu3M MOBEpXHEBUX IAPIB, 110 TPAKTUIHO HE 3aJeKUTh Bij 1T B obsacti

Temneparyp, Bunux 3a 30 K; npuHImnosi posxo/pkeHHst MiXk TeMmreparypauMu 3asiexkaoctamu MC kpucramiv-

HOI MATPHIIl JIETOBAHUX MOPOIITKOBUX 1 KPUCTAMIIHIX 3pa3KiB. [IpoanasizoBaHo MOXKIIMBI MeXaHI3MI BUHUKHEHHS

BUSIBJIEHUX OCOOJIMBOCTEH MArHITHUX BJIACTUBOCTEN PI3HUX MOPOIIKOBUX I KPUCTAJIYHUX 3PA3KiB.
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